Greenland halibut in the Northeast Atlantic currently have two separate management units: the Northeast Arctic (NEA) stock and the West Nordic (WN) stock. The biological basis for this separation is weak, and while the NEA stock has a well-described nursery area in the waters around the Svalbard archipelago, no such major nursery area is known for the WN stock. To examine the linkages between these two stocks, a tagging experiment was conducted in the Svalbard nursery area, which is the only known large nursery area for Greenland halibut in the Northeast Atlantic. A total of 25 149 juvenile Greenland halibut were tagged and released in the period 2005 -2008, and as of January 2014, there were 155 recaptures: 92% were caught more than 170 km from the tagging site, while 59% had travelled more than 1500 km. During the first 2 years after tagging, recaptures were reported only from the fishing grounds in the NEA management area. Subsequently, the number of recaptures decreased in the NEA management area, while recaptures were beginning to be reported from the WN management area, which by 2014 accounted for 61% of the total number of reported recaptures. It was concluded that the stocks in the two management areas for Greenland halibut in the Northeast Atlantic have a common nursery ground, and that a recruitment index based on data from the nursery around Svalbard would reflect possible recruitment to the stocks of both management units. The lack of recaptures on the Southeast Greenland shelf suggests a stock boundary west of Iceland. It is suggested to further explore the stock delineation in these areas and that future stock assessments should explore the potential advantage of using a combined assessment model for the two current management units.
Introduction
Understanding the spatio-temporal dynamics of fish populations is crucial for monitoring and managing fishery resources. For widely distributed, deep-water species, the relation between different components may be difficult to identify and quantify. This is because few physical barriers exist to restrict movement between areas, and because it may take only a few individual crossover spawners in each generation to reduce genetic differentiation between areas (Mills and Allendorf, 1996) .
Greenland halibut (Reinhardtius hippoglossoides) are deep-water species found in Arctic and boreal waters on both sides of the North Atlantic (Fedorov, 1971) and support important fisheries off Canada, Greenland, Iceland, Faroe Islands, and Norway (Godø and Haug, 1989; Bowering and Brodie, 1995) . Greenland halibut in the North Atlantic are considered to consist of several individual populations, which are managed by NAFO for the stocks in the Northwest Atlantic, and by ICES for the stocks in the Northeast Atlantic (Bowering and Nedreaas, 2000) .
Basically, the delineations between the Greenland halibut stocks in the North Atlantic are pragmatically defined based on statistical areas, but they are also to some extent supported by genetic evidence. In the Northwest Atlantic, the stock in the Gulf of St Lawrence is genetically distinct from the stock off West Greenland (Fairbairn, 1981; Riget et al., 1992) . Knutsen et al. (2007) found clear evidence for genetic separation between the Northwest and the Northeast Atlantic components. There are no studies that show genetic differences between Greenland halibut stocks in the Northeast Atlantic.
The stocks in the Northeast Atlantic are divided into two management areas: the West Nordic (WN) stock, which inhabits the region extending from Southeast Greenland, through Iceland to the Faroe Islands; and the Northeast Arctic (NEA) stock, which covers the eastern Norwegian Sea, the Barents Sea, and the waters around Svalbard. The two management areas are contiguous, which reflects the fact that Greenland halibut are distributed more or less continuously from southeast of Greenland to Svalbard and eastwards along the slope of the Arctic Ocean (Nielsen, 1986; ICES, 2010) . Although the two stocks are adjacent, for management purposes, the stocks are considered as separate populations with different population dynamics, and therefore, the stock assessments are the responsibility of two different ICES Working Groups without any direct interaction between the groups (ICES, 2013a, b) .
The spawning, nursery, and feeding areas for the NEA stock are well known (Godø and Haug, 1989; Albert et al., 2001a, b; Å dlandsvik et al., 2004) , while the location of these areas for the WN stock is more uncertain, in particular the location of the nursery area is unknown (Gundersen et al., 2013) . Tagging studies have shown that only a small number of Greenland halibut migrate from one management area to the other (Sigurdsson, 1981) , which indicates that there is no major mixing of the two stocks. However, most previous studies tagged only adult Greenland halibut and as a result, it is not known if at the juvenile stage, there is a significant interchange of halibut between the two areas.
To develop realistic assessment models for Greenland halibut in the Northeast Atlantic, it is necessary to know the main spatiotemporal dynamics of the stock (or stocks), especially at the juvenile stage. Towards this end, a tagging experiment was conducted in [2005] [2006] [2007] [2008] in the only known large nursery area for Greenland halibut in the Northeast Atlantic, which is the area around Spitsbergen and in the northern Barents Sea. The present work analyses recapture data from this juvenile tagging experiment to determine whether juveniles from this nursery migrate to one or both management areas, and the possible consequences of juvenile migrations for stock assessments.
Material and methods

Handling procedures and tagging gear
A total of 25 149 juvenile Greenland halibut that were caught in the nursery areas north and east of Svalbard were tagged during four surveys: a pilot cruise in September 2005, and during three dedicated cruises in September 2006 September , 2007 September , and 2008 The sampling gear used during the 2005 pilot survey was the standard Norwegian sampling trawl, Campelen 1800. Trawl hauls intended for tagging were short, and selected fish were quickly transferred to a holding tank with running seawater. From this tank, individuals were selected based on their appearance, carefully taken out with a landing net, measured, tagged, and immediately released.
A commercial vessel was used for the three dedicated surveys. The vessel was equipped with an Alfredo-5 cod trawl outfitted with a specially designed codend aquarium. During the 2006 survey, the codend aquarium was lost, and the remaining hauls used a padding attached from the cod-line and 2 m forward, which made a smooth inner cover in the back of the trawl. A new, improved aquarium was used during the 2007 and 2008 surveys (production drawings are available from the corresponding author).
On deck, the aquarium functioned as a holding tank. Only fish that appeared to be in good shape were tagged. The evaluation onboard was quick and mainly based on outer appearance and behaviour. Fish with visible scars, fish lacking the external mucus layer, or fish behaving unusually were not selected for tagging. The selected individuals were taken carefully out of the aquarium with a knotless landing net, length measured, and tagged with a green T-bar anchor tag. They were then transferred to a holding tank and released in batches of tens to reduce predation by seagulls during the short initial phase before the fish descended.
The project's goal was to tag fish that were ,40 cm, and preferably fish ,30 cm. The locations of the hauls where halibut were tagged depended on the length distribution of the catch, the occurrence of sea ice, and the quality of the halibut caught. In some areas, there were frequent bycatches of Greenland sharks (Somniosus microcephalus), which tended to reduce the quality of the halibut caught and made such areas unsuitable for tagging. This problem was reduced with the new aquarium that was equipped with bars to keep the sharks out of the tank.
The tagging experiments were publicized repeatedly in Norwegian, Russian, and Icelandic fisheries newspapers, and a reward was offered for the return of any tags. The reward for a returned tag with accompanying information on recapture date and position was a specially designed T-shirt with a Greenland halibut logo. An additional reward of 1000 NOK was given if a whole fish was returned. Depending on where the recaptured halibut were caught, some were initially handled by colleagues at marine research institutes in either Iceland, Faroe Islands, or Russia and then sent to Institute of Marine Research in Norway.
Data planning and analyses
Since the juvenile fish were released far from the main fishing grounds, and since Greenland halibut grow slowly and mature at a relatively old age (Albert, 2003; Albert et al., 2009; ICES, 2011) , low recapture rates were expected for the first several years until the fish had time to come to the fishing and spawning grounds along the continental slope between Norway and Svalbard. It was intended to tag 10 000 juveniles in each of the three consecutive survey years. This large number of tag releases was based on an assumed natural mortality rate of M ¼ 0.2, a mean time of 3 years before they would be available on the fishing grounds, and a lifelong return rate of 2% from the time they become available (similar to unpublished results from previous tagging studies of trawl-caught adult Greenland halibut available to the authors at that time). This resulted in an expected total number of around 300 recaptures ( 1% recapture rate), but would be less if juvenile mortality was higher, if growth was slower, and if migration also went to nonfished areas. Owing to the problems with bycatch that reduced the number of Greenland halibut in good condition, sea ice that reduced the available fishing grounds, and some other unforeseen situations during the surveys, the total number of Greenland halibut that was actually tagged and released was 24 132; therefore, the actual expected number of recaptures was 263.
To evaluate the effect of possible gear selection bias on tagging mortality, the recapture rates for similar length groups of tagged fish for the two sampling gears (hauls with an aquarium and padded hauls) were compared.
The study area was divided into ten subareas, covering the nursery, where the tagging took place, and the region where the fishery occurred ( Figure 1 ). Recaptures were classified as western migrants if they were recaptured west of 08W longitude, i.e. Subareas 9 and 10 in Figure 1 . Those recaptured in the eastern Areas 1-8 were simply termed eastern recaptures since nothing is known about their Svalbard nursery area provides recruits for two stocks potential to migrate westwards. The recapture dynamics between both western migrants and eastern recaptures was studied by constructing plots of cumulative numbers of recaptures from each release year, split into two groups: recaptures from the Norwegian eastern areas (Areas 1-8), and from the Icelandic and Faroese areas in the west (Areas 9 and 10). To see if the western migrants constitute a biological subgroup of the recaptured individuals, comparisons of western migrants and eastern recaptures were made with respect to length at release, time at large, and sex (if reported). The geographic distribution of recaptures was also compared with landing statistics in each ICES statistical area. Statistical analyses used include t-test, x 2 test, and Fisher's exact test.
Results
Recapture rates
As of January 2014, 155 Greenland halibut were reported recaptured, which is an average recapture rate of 0.6% (Table 1) . This is half of the number expected based on the assumptions outlined in the Material and methods section, and recaptures are still being reported.
In 2006, both codend aquarium and padded trawl were used in the juvenile tagging project (Table 1) , and the length distributions of tagged fish were similar for the two gear types (Figure 2 ). For both gear types, the percentage recaptured increased markedly and consistently with length at release (Figure 2) . The recapture rate for fish O. T. Albert and T. Vollen from the codend aquarium was on average 1.9 times greater than that for fish from the padded trawl (Fisher, p , 0.05) and for fish ,35 cm at release, the recapture rate was 10 times greater for fish from the codend aquarium (Fisher, p , 0.01).
The 
Recapture distribution
The reported recaptures were from Russian, Norwegian, Faroese, and Icelandic waters (Figure 4) . The tagged halibut were caught by: bottom trawls (80%), longlines (16%), gillnets (4%), or by Danish seines (0.3%). Recaptures from trawls were from all areas, whereas recaptures by other gears were limited to Areas 4-9. About 59% of the tagged halibut had travelled more than 1500 km and were caught in Areas 8 -10, 8% had moved ,170 km and were captured in Areas 1 -3, and the rest were captured in Areas 4 -6 (Figure 4) .
The western migrants included fish that were 22 -55 cm in length at release, which approximately covered the total length range of tagged juveniles (Figure 3) . Small fish at release used more time before occurring in the western areas, and thus the average length at release of the western migrants decreased significantly with time (p , 0.001). By January 2014, the mean length at release of all recaptured western migrants was not significantly different from the eastern recaptures (p . 0.1).
For recaptures with known sex, 58% were females, and there was no significant difference in the percentage of females recaptured in the west or the east (Fisher's exact test, p . 0.05). Likewise, the sex composition of the recaptures did not change significantly with time at large in either the west or the east.
The geographic distribution of recaptured halibut was compared with the distribution of landings by the commercial fishery ( Figure 5 ). The number of recaptures per landed tonne in Iceland (ICES Area Va) was 1.4 times larger than in the NEA (ICES Areas I, IIa, and IIb combined; x 2 , p , 0.05). In Faroe Islands (ICES Area Vb), the figure was not different from the NEA (p . 0.1), whereas in Greenland (ICES Area XIV), the number recaptured per landed tonne was ,4% of that in NEA (p , 0.001). The recaptures in Greenland were only recorded close to Iceland and not on the Greenland shelf itself. (Figure 4 ). Svalbard nursery area provides recruits for two stocks 
Recapture dynamics
Discussion
Relative contribution of the Svalbard nursery to the two management units
There are no previous studies that point to the existence of a large-scale connection between the stocks in the two NE Atlantic management units for Greenland halibut (Godø and Haug, 1989 ).
In contrast, our results show that more than 60% of the recaptured fish that were tagged in the Svalbard nursery area were recaptured in Icelandic or Faroese waters. Although recapture rates were low, the recapture patterns were temporally and spatially consistent. In addition, the cumulative recapture curves for eastern and western migrants were similar for each release-year. This strongly suggests that the population dynamics of the NEA stock and WN stock is closely related.
To estimate the relative proportion of fish that migrate from the Svalbard nursery to each of the management units, it is necessary to know the fishing effort and abundance in the two areas, which at this time are not known. However, the mean annual landings of Greenland halibut from 2006 to 2012 were 13 700 t for the WN stock in Icelandic and Faroese waters, and 15 800 t for the NEA stock (ICES, 2013a, b) . From these reports of the two expert O. T. Albert and T. Vollen groups, there is nothing to suggest that any of the stocks are in better or worse condition than the other. Thus, it is reasonable to assume that the two stocks are similar in size and therefore a first approximation of the relative migration rates to the western and eastern areas may be around 60/40.
Several factors may affect the accuracy of recapture rate estimates, such as the skill of different fishers to notice a tag and their motivation to report the find. It is likely that these factors may vary among nationalities, since both attitude to a Norwegian research institute and the effectiveness of the information channels likely vary among nations. One key to secure high recapture rate is to ensure as low as possible tagging mortality. The accidental loss of the codend aquarium in 2006 provided a direct comparison of tagging mortality between fish caught by bottom trawls with and without a codend aquarium. The results indicate that the codend aquarium significantly improved the survival rate of juvenile Greenland halibut, especially for the smallest individuals.
Stock identity, migration patterns, and consequences for stock assessments
Based on high-resolution micro-satellite analyses of Greenland halibut samples across the North Atlantic, excluding Iceland, Knutsen et al. (2007) found clear evidence for fairly isolated populations across the North Atlantic. They also found some evidence for a unidirectional gene flow from east to west. They hypothesized that this gene flow was mediated by a unidirectional passive drift of eggs and larvae, but noted that it could also be caused by active migration of larger individuals. Many tag-recapture experiments have been undertaken on Greenland halibut over the years, and linkages have been reported between most major stock areas in the North Atlantic (Sigurdsson, 1981; Bowering, 1984; Godø and Haug, 1989; Boje, 2002) . Most of these studies had only one or a few recaptures and did not disagree with the accepted view of the stock structure in the Northeast Atlantic. Our findings, however, strongly indicate that there is a significant migration of medium-sized Greenland halibut from a known juvenile nursery for the NEA stock to major fishing areas of the WN stock, which may have major implications for our understanding of the spatial pattern of the WN stock that has previously not been well understood (Gundersen et al., 2013; ICES, 2013a) .
It has been assumed that fish from the WN stock spawn southwest of Iceland (Magnú sson, 1977) , and some oceanic current models suggest that the spawning products from there would be, for the most part, transported to East Greenland (Å dlandsvik, 2000) . However, Boje and Hjörleifsson (2000) concluded that on the East Greenland shelf and slope, juvenile Greenland halibut are not found in high enough quantities to constitute a nursery area. Gundersen et al. (2013) reported high local concentrations of juveniles in some East Greenlandic fjords, but pointed out that the significance of these nursery grounds for the WN stock is unknown. In this context, our documentation of a major juvenile migration routes from the Svalbard nursery may represent the missing link in our understanding of the location of a major nursery for the WN stock. By comparison, Sigurdsson (1981) reported a possible return migration, with 12% of recaptured Greenland halibut tagged in East Greenland waters recaptured between Faroe Islands and the Barents Sea. They ranged in size at release from 56 to 88 cm, with a mean length of 69 cm and may thus have been mature individuals.
The migration patterns for the NEA stock are much more fully understood than for the WN stock: spawning occurs mainly along the continental slope between North Norway and Bear Island (Albert et al., 2001a) , eggs and larvae drift towards nursery grounds in Svalbard waters and farther east (Bowering and Nedreaas, 2000; Albert et al., 2001b) , and larger juveniles and adults spread throughout large areas of the Barents Sea (Godø and Haug, 1989) . The migration from the nursery area is closely related to individual growth and occurs typically when a fish approaches 40 cm in total length, with no apparent differences between the sexes (Albert, 2003) . Our present results are fully compatible with these previous findings but show, in addition, that the migration from the nursery area is not simply a spreading out into the Barents Sea, but to a large extent, it is also a long distance, direct migration to the main adult habitats for the WN stock.
A conventional tag-recapture study gives two sets of spatial coordinates for each recaptured fish, but there are many possible routes between two points. Based on our tag-recapture data, two possible migration models for juvenile Greenland halibut are illustrated in Figure 7 : (i) a common nursery area that provides recruits for both the WN and the NEA management units, illustrated with the Svalbard nursery area provides recruits for two stocks splitting polygon, and (ii) juveniles from the NEA stock migrates to the WN management unit, but return to the NEA management unit before spawning, which is illustrated by arrows. The former assumes only one Greenland halibut stock in the Northeast Atlantic, with one major spawning area, namely the known spawning area for the NEA stock. The latter assumes that spawning occurs to a large extent in both areas and that juveniles from the NEA stock return to their own spawning grounds after a period in which they shared feeding areas with the WN stock.
In the latter case, the two stocks could be reproductively isolated as the current management regime assumes. But the lack of known, major spawning or nursery areas for the WN stock, despite a long history of exploitation and research, and our present findings that a large number of juveniles migrate from the NEA to the WN management unit indicate that the one-stock concept is more probable.
The geographical distribution of recaptures from our juvenile tagging project largely coincided with the major fishing areas for Greenland halibut in the Northeast Atlantic (Bowering and Nedreaas, 2000; ICES, 2013a, b) . However, there was one major fishing area with no recaptures, namely the shelf area off southeast Greenland between 61 and 658N (ICES, 2013b), and only a few recaptures were recorded of fish from off the west coast of Iceland, where the most important fishing area is located (ICES, 2013b). Gundersen et al. (2013) also noted that for some large-scale tagging experiments conducted around Iceland in 1971 -1978 (Sigurdsson, 1981 , there were no recaptures in Southeast Greenland waters, although there was a high level of fishing activity in [1971] [1972] [1973] [1974] [1975] . We think that the lack of recaptures in southeast Greenland in both the present and previous tagging studies indicates that the area between Iceland and Greenland represents a stock boundary for Greenland halibut.
This interpretation may be in accordance with a recent genetic study (Roy et al., 2014) . The study analysed Greenland halibut samples throughout the Northwest Atlantic using 12 speciesspecific polymorphic microsatellite markers. Very few of the pairwise comparisons between the 22 samples from west of Cape Farwell (the southern tip of Greenland) were significant, and the analyses supported panmixia of Greenland halibut in the whole region. They suggest that the observed structure exists due to repeated high degree of local differentiation of new recruits and colonizers originating from a common gene pool. In addition to the NW Atlantic samples, they also included one sample from the Southeast Greenland shelf west of Iceland and one from Spitsbergen. The Southeast Greenland sample was not significantly different from any of the 22 NW Atlantic samples, whereas the Spitsbergen sample was clearly the most divergent of all the samples and was significantly different in 13 of the 23 pairwise comparisons.
From this, it seems feasible that there could be only two major Greenland halibut populations in the North Atlantic, which lend support for only two large spawning and nursery areas. The known and relatively well-described areas are found in Western Barents Sea/Spitsbergen and in Davis Strait/Baffin Bay, respectively (Templeman, 1973; Godø and Haug, 1989; Bowering and Brodie, 1995; Albert et al., 2001a, b; Boje, 2002) . Iceland could thereby represent a border between the two populations, with either population dominating on the western and northeastern side, respectively. However, over the last decade, it has become increasingly clear that the concept of discrete unit stocks with negligible intermingling is often insufficient to describe the relationship between groups of co-specifics across partial distribution boundaries and fishing borders (Secor, 2013) . Our results, which show that juvenile Greenland halibut from the Svalbard nursery migrate to both management areas, is in accordance with the concept of partial migration (Chapman et al., 2012) , which seems to be more widespread in fish than previously anticipated. Likewise, the existence of migration links all across the North Atlantic, as previously described, may reflect interconnection even between the hypothesized main gene pools of the NW and NE Atlantic.
Regardless of which migration model is most accurate, our results imply that a recruitment index for the NEA stock will inform about future fishable biomass in both NE Atlantic management units. The high percentage of recaptures from Iceland and the consistency over time of these recaptures suggest that the extent of the linkages between the two stocks is significant and should be included in the assessments of both stocks. The scarcity of recaptures in the main fishing grounds to the west of Iceland and the lack of recaptures from Southeast Greenland waters, imply that the western border of the two stocks needs a closer evaluation. Concepts and tools for spatially explicit stock assessment models already exist (Cadrin and Secor, 2009 ) and could easily be implemented. It is now clear that future stock assessments should explore the potential of a common assessment model for the two Greenland halibut management units in the Northeast Atlantic.
